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Introduction

The goliath grouper, Epinephelusitajara, isthe largest grouper inthe western North Atlantic
and one of thelargest in the world (Sadovy and Eklund 1999). This species growsto approximately
2 meters and livesto at least 37 years (Bullock et al. 1992). It reaches reproductive maturity at a
large size (one meter) and late age (4-7 years). Thislife history strategy, along with a curious and
unwary behavior, make it highly vulnerable to overexploitation (Sadovy and Eklund 1999). Itsrange
includesboth sides of the Atlantic Oceanand a ong the coast of Mexico inthe easternPacific, dthough
it may have been extirpated from that area.  Along the western Atlantic, the species ranges from the
Carolinas, into the Gulf of Mexico, the Caribbean and downthe coast of Brazil (Sadovy and Eklund
1999).

The Gulf of Mexico and the South Atlantic Fishery Management Councils closed the fishery
for goliath grouper in 1990, by emergency rule, due to concerns of overfishing The Caribbean
Fishery Management Council followed by closing the fishery in 1993. No harvest has been alowed
infederal waters since that time. A SEDAR dataworkshop! was convened inearly 2003 to examine
the data available for determining the status of the goliath grouper stock. During the meeting, several
fishermanreported that goliath grouper sal es had often beento buyers other than dealers (dealersare
the source of federal commercial landings statistics) and that the proportion of the catch sold through
deal ers may have changed over time. Based onthistestimony, the SEDAR participants concluded that
the catch statistics were unreliable and that a meaningful assessment was not possible for goliath
grouper.

M ost stock assessment approaches do indeed require reliable catch data, however a number
of ad hoc methods have been developed to accommodate ‘ data-poor’ situations. For example, an
approach that is often taken when research surveys or other indices of abundance are availableisto
set the minimum stock size threshold (MSST) equal to some fraction of the survey values observed
during an earlier portion of the time series when the stock was presumably close to pre-exploitation
or MSY levels. Such ‘model free' approaches have the advantage of assuming relatively little about
the recovery rate of the stock, but cannot be used to estimate many of the reference points stipul ated
by the Magnuson-Stevens Act. Moreover, theremay be other typesof informationabout the fishery that
could influence the perception of the status of the stock and it would be useful to integrate that
information formally into the assessment.

The purpose of this paper is to assess the status of the goliath grouper stock in U.S. waters
(principally southernFlorida) by use of anestimationframework devel oped specifically for data-poor
situations. The model recasts the canonical age-structured equations in terms relative to pre-
exploitation levels, thus eliminating the need for catchinformation. A Bayesian estimationscheme is
adopted to allow the incorporation of pertinent auxiliary information such as might be obtained from
meta-analyses of similar stocks or anecdotal observations.

*Anon. SEDAR Galiath Grouper Data Workshop Report, March 2003. 11 pp.
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Methods
Population dynamics

The stock was assumed to be near virgin levelsin 1950, such that the relative abundance N
of each age class a at the beginning of 1950 is given by
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where a, isthe youngest age class in the analysis, Aisa‘plus-group’ representing age classes A and
older, and M isthe natural mortality rate. Therel ative abundance at the beginning of subsequent years
(y) ismodeled by the recursion
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The vector v represents the relative vulnerability of each age class to the fishery, which
implicitlyincludesfactors such as gear selectivity, size limit regulations, and the fraction of the stock
exposed to the fishery. The variable F represents the fishing mortality rate onthe most vulnerable age
class. In this regard the model distinguishes three time periods:. a ‘historical’ period (1950-1979)
during whichthe fishing mortality rate i s assumed to haveincreased linearly throughtime, a‘ modern’
period (1980-1989) whenthefishing mortality rate wasrel atively constant, and a‘ moratorium’ period
(1990 onwards) during which the fishing mortality rate is assumed to be negligible.

The variable r is the recruitment relative to virgin levels expressed as a function Y of the
spawning stock relative to virgin levels s, which in turn is expressed as a function of anindex of the
per-capita number of eggs produced by each age class (E) and the fraction of the year elapsed at the
time of spawning (ts). InthiscaseY isassumedto be of the Beverton and Holt type expressed interms
of the maximum lifetime reproductive rate a (see derivation in Appendix 1):
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The shapes of these two curves are essentially the same as the conventional Ricker or Beverton and
Holt relationships, however their domainisimplicitly [imited to theinterval 0 < s< 1. Deviationsin
recruitment (e,) from the expectation Y (s), ostensibly due to fluctuations in the environment, are
modeled as afirst-order, lognormal autoregressive process,

e
ry=Y(sy.a)€”
ey =rey.1+hy

(4)

wherer isthe correlation coefficient (here 0.5) and h isanormal-distributed randomvariate having
mean 0 and standard deviation s, (here 0.4 on alog-scale).

The average weight or fecundity of the plus group i sexpressed as a function of the average age
of the plus-group. Initialy, it is assumed that the age composition of the plus-group isinequilibrium
consistent with equation (1), in which case the average age of the plus-group at the beginning of the
first year is
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Subsequently, the age of the plus-group is updated as
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Reference points

The set of equations 1-4 describe the relative dynamics of a population apart from its
absolute abundance. As such they are most suited for devel oping management plans where the
fishing mortality rateis controlled directly (e.g., by reducing effort) and the biomass reference
points are expressed on arelative scale. When the virgin spawning biomass itself is used as the
reference point, the estimated value of s, isadirect measure of the status of the stock. For example,
if the management goal isto maintain spawning biomass at or above 50% of the virgin level, then
estimates of s below 0.5 might trigger some action to reduce fishing pressure.

A related reference point is the equilibrium spawning potential ratio (Goodyear, 1993),
defined as the expected lifetime fecundity per recruit at agiven F (f ¢) divided by the expected
lifetime fecundity (maximum spawning potential) in the absence of fishing (f ¢):
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where E is relative egg production by each age class and t; is the time of spawning. Asshownin
Appendix 2, the corresponding equilibrium spawning biomass (relative to the virgin level) may be
computed as
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Thus, management actions may be triggered when the estimates of s fall below the estimate of s;,.

Other management plans employ reference points such as F, or Fy1, which are based on
the yield per recruit statistic
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where w, is some measure related to the average weight of the catch. Inasmuch as there are no
terms involving the absol ute abundance of the stock, the calculation of such statistics poses no
specia problems for the relative framework presented here. The corresponding values of p (and
therefore ;) may be calculated via equation (5).

Prescriptions based on maximum sustainable yield (MSY) are slightly more complicated
because equilibrium yield is the product of equilibrium recruitment R and equilibrium yield per
recruit:
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However, the fishing mortality rate that maximizes (8) also maximizes (8) divided by the virgin
recruitment R, (a constant). Thus, Fysy may be obtained from
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wheres, / p has been substituted for R/ R, (fromequation A.4 in Appendix 1). Inasmuch asthe
absolute abundance is not estimable, the absolute value of MSY may not be calculated directly.



Bayesian estimation

The equations above include numerous ‘ unknowns' representing the processes of
reproduction, mortality and growth. In the case of “data-poor” stocks like Goliath grouper, there
are insufficient data to estimate all of these unknown parameters with an acceptable level of
precision. However, it is often possible to increase the precision of the estimates through the use
of Bayesian prior probability densities constructed to reflect anecdotal information or the results
from meta-analyses involving similar species (Gelman et al. 1995, Liermann and Hilborn 1997).

The Bayesian approach to estimation seeks to develop a‘ posterior’ probability density for
the parameters Q that is conditioned on the data D, P(Q | D). By application of Bayesruleitis
easy to show that

(10) PQQID)u D |Q) Q) -

where P(D | Q) isthe sampling density (likelihood function) and P(Q) is the prior density (the

analyst’s best guess of the probability density for Q). Estimates for Q may be obtained from (9) by
integrating the posterior (classical Bayes moment estimator)

(11) Gi =i POIQPQda . al Q.
or by minimizing its negative logarithm (highest posterior density estimator)
(12) min{- 10geP(D |Q) - l0geP(Q)}

In the present model, a prior needs to be specified for the parameters reflecting recruitment
(a, r, s, and e), mortality (M, F, v), fecundity (E) and growth in weight (w). It is here assumed that
the parameters are statistically independent with respect to prior knowledge such that the joint
prior is merely the product of the marginal priors for each parameter. The lone exceptions are the
parameters for the annual recruitment deviations g,, which are assumed to be autocorrelated
lognormal variates such that
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wherew isthe last year in the simulation, r, is the correlation coefficient and's ? is the variance of
log.h (for stability reasons, it is assumed that ey = 0). The recruitment variance and correlation
coefficient are generally inestimable without a good index of recruitment and may have to be fixed

to some moderate values (heres ; = 04andr =05).

It ispossible, at least in principle, to conduct an assessment based on prior specifications
alone. However, it may be difficult to devel op sufficiently informative priors for some of the
parameters, particularly the fishing mortality rates. The preferred approach is to condition the
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estimates on data. For example, visual counts of goliath grouper have been conducted at several
fixed locations since 1982. To the extent that changes in the abundance at these locations (n) are
proportional to changes in the abundance of the population as awhole (N), the visual counts (c)
may be modeled as:
o -|F Vat Ma ti Xi
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Xj,y ~ Normal(0;s /)
where i indexes the location, q isthe proportionality coefficient scaling the number counted to the
relative abundance of the population, v , isthe relative vulnerability (availability) of each age
class at the survey site, t; isthe fraction of the year elapsed at the time of the survey, and s; isthe
standard deviation of the fluctuations in log. ¢; owing to observation errors or changesin the
distribution of the stock. The corresponding negative logarithm of the sampling density is
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An dternative to the use of dataisto construct priors relating to auxiliary information such
as anecdotal perceptions of the abundance of the resource relative to virgin levels (n). In such
cases an appropriate model might be
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where| , istherelative contribution of each age classin forming the perception of total abundance
(e.g., fishermen may never encounter very young fish), d is the time of the year most reflective of
the period upon which the perceptions were based (e.g., the peak of the fishing season), and s, is
the standard deviation of the fluctuationsin log. n, owing to errorsin perception. Note that such
auxiliary priors are mathematically equivalent to sampling densities and we do not here distinguish
between them.

The model was implemented using the nonlinear optimization package AD Mode Builder
(Oftter Research Ltd.?), which provides facilities for estimating the mode and shape of the posterior
distribution (equation 10).

2Otter Research Ltd. 2001. An introduction to AD MODEL BUILDER Version 4.5. Box 2040, Sidney
B.C. V8L 3S3, Canada. 141 p.



Application to goliath grouper

The retention of goliath grouper is currently prohibited by law, but status determination
criteria have not been defined nor has the duration of the moratorium been specified. The
Caribbean Fishery Management Council (CFMC, 2001) postulated that the biomass of the
populations under their jurisdiction were so much lower than any reasonable MSST that recovery
would be unlikely to occur within 10 years. They therefore set the allowable rebuilding period
equal to 10 years plus one generation time, where the generation times were estimated by L egault
and Eklund® to be between 15 to 40 years for goliath grouper. The CFMC preferred the lower end
of the range because it ismore ‘ precautionary’ in the sense that managers are under greater
compunction to prohibit harvest when they are constrained to rebuild over a short time frame.

Natural mortality

Legault and Eklund? developed estimates for M ranging from 0.04 to 0.19 for goliath grouper
based on its perceived life spans. Estimates from Hoenig's (1984) method based on a maximum
observed age of 37 years (Sadovy and Eklund 1999) suggests an expected value of 0.11. An
examination of the range of plausible values from Legault and Eklund? suggested alognormal prior
with median 0.11 and CV about 0.4.

Stock-recruitment relationship

Asfar aswe are aware, thereis no reliable information on the nature of the spawner-recruit
relationship for any goliath grouper populations (or, for that matter, any subtropical serranid).
Myers et a (1999) examined over 700 spawner-recruit series (none of them serranids) with a
broad spectrum of a values ranging between 1.4 and 123.5. Rose et al. (2000), however, have
subdivided this data set according to three general life history strategies. opportunistic, periodic
and equilibrium. Of these, the *periodic’ strategy (larger, highly fecund fishes with long life
spans) appears most descriptive of Goliath grouper. Accordingly, we developed aprior for a by
fitting alognormal distribution to the frequency histogram of values corresponding to the periodic
strategists represented in the Myers et a (1999) data set (Figure 1).

Fecundity and growth
To date there are insufficient data for estimating a fecundity-at-age relationship. We follow
Legault and Eklund? and substitute the weight at age relationship:
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3Legault, C.M. and Eklund, A.-M. 1998. Generation times for Nassau grouper and jewfish with comments
on M/K ratios. Sustainable Fisheries Division Contribution SFD-97/98-10A. Southeast Fisheries Science Center,
75 Virginia Beach Drive, Miami, Florida 33149.



where wisweight in kg and | islength in cm expressed as a von Bertalanffy function of age (see
Bullock et al., 1992). Uncertainty in these parameters was reflected by imposing a normal prior
on the asymptotic length with a6% CV and alognormal prior on k with log-scale variance equal to
0.204.

Historical vulnerability to fisheries

Thereislittle quantitative information on the vulnerability (v) of goliath groupers to the fishery that
existed prior to the moratorium. A large fraction of the recreational landings of goliath grouper
appear to have been from the ten thousand idlands area, where most of the animals observed to
date are between the ages of one and four. However, large animals were often targeted by
commercia and recreational fishersin other areas. Thusit is unclear how the overall vulnerability
of goliath grouper changes with age. We assume the vulnerability of goliath grouper generally
increased with age according to the sigmoid-shaped logistic curve:

1
1 S
( 8) Vg 1te (a- agg)/d

where ag, is the age of 50% relative vulnerability for fleet and d is the dispersion coefficient
controlling the slope of the curve at a5, (values of d lessthan 0.2 effectively imply knife-edge
selection). In order to estimate the parameters as, and d, we converted length composition data
collected during the course of a creel survey in the Ten Thousand Islands area (courtesy T.
Schmidt?) into age composition data by use of an age-length key derived from experimental trap
and trot-line catches (Brusher and Schull®). We then fitted alogistic vulnerability curve (weighted
by cumulative mortality) to the observed frequency of ages 0 to 5 (older age classes appear to
migrate out of the area but are caught el sewhere). The estimated values of agy, and d are 2.51 and
0.525, respectively (see Figure 2). Uncertainty was incorporated via normal priors on asy, with
10% CV'’s.

Survey information

Porch and Eklund (2003) have devel oped relative indices of abundance from two visual surveys.
the personal observations of a professional spearfisher (DeMariaf) and a volunteer fish-
monitoring program administered by the Reef Education and Environmental Foundation (REEF
2000). In addition, Cass-Calay and Schmidt (2003) have standardized catch rate data collected in
the Ten Thousand Islands area by the Everglades National Park (ENP). We assume the two visual
surveys reflect the abundance of ages 6 and older and that the ENP index reflects the relative
abundance of ages 1 to 5 according to the dome-shaped gamma function (normalized to a maximum
of 1):

4schmidt, T. W. Everglades Nationa Park, U. S. National Park Service
5J. Brusher and J. Schulll, in prep.
6 DeMaria, Don. P.O. Box 420975, Summerland Key, FL 33042.
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where a;y, 1S the most vulnerable age and gis the coefficient of variation. Uncertainty was
incorporated viaanormal prior on a;gy, With a10% CV. Estimates for a;o, (3.47) and g (0.34)
were obtained by fitting the cumulative mortality-weighted gamma curve to the frequency of ages 0
-7 in age-converted ENP data described above (see Figure 2).

Anecdotal impressions of stock status

Johannes et a. (2000) point out that local fishers often disagree with the conclusions drawn by
scientists in data-poor situations and that many times additional datawill prove the fishers
correct. As mentioned earlier, expert judgements about the relative abundance of a stock can be
treated as data and represented by a‘prior’ (e.g., Punt and Walker, 1998; other examples). We
developed aprior for the value of s at the time moratoriums began (1990) by interviewing fishers
and divers who had been active in southern Florida during the 1960's or earlier (nine such
individuals have so far been identified). Specifically, interviewees were asked to state their
perception of the percent reduction in Goliath grouper populations from the time they began diving
to the time the moratorium on catch was imposed (1990). The average percent reduction reported
was 86% with a standard deviation of about 13%.

Results

The base model assumes the fishing mortality rate is nearly zero in 1950, increases linearly
through 1979, isrelatively constant between 1980 and 1989, and then drops off to near-zero from
1990 onwards owing to the moratorium. The model fit to the datais shown in Figure 3. Asthe Gulf
of Mexico Fishery Management Council has recommended using benchmarks associated with an
SPR of 50% as proxies for MSY benchmarks for Goliath grouper, statistics relative to this
measure are reported herein. The estimated trends in spawning biomass relative to the equilibrium
level corresponding to an SPR of 50% ( s5004 ) and estimated fishing mortality rates are shown in
Figure 4. The estimated probabilities that the population will have recovered to alevel at or
above 3, areshownin Figure5.

Numerous sensitivity runs were made examining (1) the effect of dropping one or more of
the indices, (2) changing the youngest age assumed to be represented by the REEF and DeMaria
indices from 6 to 10, (3) extending the historical period back to 1940, and (4) changing the years
when the fishing mortality rate was assumed to be constant (1976-89 or 1984-89). None of these
resulted in any substantial departure from the results presented in Figures 3-5 except when the
ENP index was dropped from the analysis, in which case the estimated recovery rate was
somewhat less optimistic (Figures 6 and 7).

An additiona run was made allowing for large interannual deviationsin F between 1980
and 1989 rather than assuming it was relatively constant (as might occur with fluctuationsin
demand and price) and allowing for moderate deviations in estimated recruitment from the
Beverton and Holt relationship (as discussed in the methods section). The fit to the ENP index

10



was substantially improved (Figure 8), but at the expense of highly imprecise estimates for F and s
(Figure 9). The estimated probability distribution of the time of recovery derived from the
posteriors for the relative biomass trend suggests that there is a 60% chance that the population has
already recovered (Figure 10). However, we have little confidence that these probabilities are
correct owing to the poor behavior of the solution surface. The likelihood profile routine used by
ADMB crashed while calculating the posterior distributions for many of the parameters of interest
and the posteriors calculated by the MCMC algorithm used by AD Model Builder were poorly
behaved with modes that were sometimes quite different from the HPD estimates (even with
5,000,000 samples).

Discussion

Oneissue that merits further investigation is the choice of reference points. In the present
paper we have adopted s54, , Which isthe equilibrium spawning biomass associated with a
spawning potential ratio of 50% (see equation 6), as a proxy for the biomass at MSY'. In the
present framework, it also is possible to directly compute the equilibrium spawning biomass
associated with MSY (Sysy ). Strictly speaking, this would be obtained by heavily exploiting a
single optimal age class, but thisis impossible to achieve for most stocks. The classical
aternative isto define MSY as the maximum sustainable yield when the vulnerability is constant
for all ages above some optimal age. In some cases, however, the definition of MSY is
conditioned on the historical vulnerability pattern (which we will denote MSY |v). Reference
points based on MSY v ( §Msy|v and Fysyy) are often more risky than those based on classical
approach because they are conditioned on fisher behavior. One can imagine, for example, a
situation where fishers might focus on very young juveniles for the live animal trade, in which case
gMSYlv might be much lower than sy,5, and the stock more prone to collapse. Moreover, the

reference points (Fusyy and §Msy|\, , but Fysy, more so) have the unsettling tendency to change
through time as fisher behavior changes, whereas sy,gy and Fysy do not.
The S50, proxy used here, unlike 's“Msyh, , does not depend on the assumed historical

vulnerability vector (although Fsy, does). Inasmuch as the historical vulnerability of goliath
grouper is poorly known, and apt to change if the fishery is reopened after more than a decade of
closure, we recommend the 5540, proxy over §Msy|\, . If MSY -based measures are desired for

reference points, then we recommend measures that are independent of fisher behavior such asthe
maximum sustainable yield under knife-edge selection after some optimal age.

We believe the best advice at present for managing the U.S. goliath grouper population
should be predicated on the results of the base model (Figures 4 and 5). These indicate that thereis
about a 50% chance that the population will have recovered to 5540, by 2006 and about a 95%
chance that it will recover by 2012. It isimportant to consider, however, that the three indices of
abundance considered each focus on arelatively small portion of the potential range of goliath
grouper (see Porch and Eklund 2003). It is believed that the center of abundance for the population
in U.S. watersis southern Florida, particularly the Ten Thousand Islands area, but goliath grouper
are known to have occurred throughout the coastal waters of Gulf of Mexico and aong the east
coast of Florida, and on up through the Carolinas. Inasmuch as goliath grouper are not highly
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migratory, it is possible it may take some additional time for the species to fully occupy its
historical range, thus delaying the overall recovery of the stock.

Thereis perhaps some evidence of adelay in range expansion in a comparison of the
REEF and DeMariaindices. The DeMariaindex, which is based on sites adjacent to the Ten
Thousand Islands area, indicates a noticeable recovery by 1994 while the REEF index, which is
based on sites located along the southeast Florida Coast, indicates the increase began about 3
years later. However, it is also possible that the delay is attributable to the difference in habitat,
the DeMariaindex coming from isolated wreck sites and the REEF index coming from more
continuous, natural reef habitats. Recent surveys (Eklund, pers. obs.) suggest that artificial reefs
may be artificially concentrating goliath grouper and may not reflect their distribution and
abundance on natural habitat. This concentration effect iswell-known in artificial reef literature.
In any case, we agree with the conclusions of the SEDAR stock assessment review pandl’ that
sampling throughout the geographic range would probably be important in ascertaining stock
status, owing to the restricted home ranges and high site fidelity of these animals.

Somewhat |ess optimistic results were obtained when the ENP index was excluded from
the analysis, in which case there is about a 50% chance that the population will have recovered to
S00, DY 2008 and about an 80% chance that it will recover by 2012. Inasmuch as the ENP index
isthe longest and probably most representative time series, we fedl it isinappropriate to exclude it
in favor of the DeMariaindex (based on only five sites) or REEF index (mostly based on sites
along the fringes of the range of Goliath grouper). However, a caveat to keep in mind is that the
ENP index is based on catch rate data, where declining trends are often somewhat masked by the
ability of fishersto find local concentrations of fish. Moreover, the ENP data were collected from
the Ten Thousand Islands area, where it is believed the species was the least impacted by changes
in fishing pressure over time. Outside the Ten Thousand Idands, the decline in juvenile abundance
may have been more rapid owing to increased fishing pressure as human population levels
increased in southern Florida and recent technological advances (LORAN and GPS) that enabled
fishers to consistently locate productive reefs and offshore wrecks. For these reasons, it may be
that the historical decline in overall juvenile abundance was more precipitous than indicated by
the ENP index. Within the context of the model, relatively flat trendsin ajuvenile index in concert
with adramatic increase in an adult index suggest a productive stock capable of rapid recovery.
Thus, if the trends indicated by the ENP index are indeed flatter than for the overall juvenile
population, then the base model results will likely be too optimistic.

The assessment herein also needs to be seen in light of the fact that the relationship
between fecundity and age is unknown. We used weight-at-age as a proxy for the relative
fecundity-at-age in our analysis, but it is often the case that fecundity increases with age faster than
weight. If thisistrue for goliath grouper, than our projections would be too optimistic.
Furthermore, athough the results were not especially sensitive to our assumptions about the
vulnerability coefficients for the REEF and DeMaria surveys, the same is not likely to be true of
our assumptions about the vulnerability coefficients for the fishery. Information on the age
composition of the historical catch is needed to estimate these coefficients, but at present noneis

" Anon. 2003. SEDAR Peer Review of Yellowtail Snapper Assessment, with comments on Goliath
Grouper. Tampa, Florida. July 28-31, 2003. 12 pp.
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available. There have been recent data collected on size estimates of goliath grouper on the sites
used in the DeMariaindex, and there may be some data mining through older video-surveys that
may be available in the future.

Finally, we wish to reiterate that the methodology employed here cannot provide a direct
estimate of the equilibrium catch level associated with any particular reference point such as
MSY . Thisis because, in the absence of historical catch data, oneis relegated to estimating the
abundance of the stock relative to unexploited levels rather than absolute abundance. The situation
could be ameliorated by obtaining estimates of absolute abundance from a comprehensive short-
term survey covering the entire range of the animal. Alternatively, along-term monitoring program
at select sites located throughout the range could be established to detect changesin relative
abundance under various closely monitored trial levels of catch.
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Appendix 1. Reparameterized spawner -recr uit relationships

The number of young fish recruiting to a population is often related to the aggregate
fecundity of the spawning stock using one of two functional forms:

I ase’® Ricker

(A1) R=j
1 abS Beverton and Holt
Ib+S

The parameter a isthe dope of the curve at the origin and the parameter b controls the degree of
density dependence. Notice that the domain of both functions extends from zero to infinity, whereas
in practice there must be some limitation on Seven in the absence of fishing owing to
environmental congtraints. This being so, we obtain

(A.2) 25 - e Ricker
' Ro %1+ Sy/b Beverton and Holt

Theratio S/R, represents the maximum expected lifetime fecundity of each recruit and a
represents the survival of recruitsin the absence of density dependence. Accordingly, the product

a = aS/R, may be interpreted as maximum possible number of spawners produced by each
spawner over itslifetime (Myers et al. 1998).

The dimensionless character of a makes it useful for interspecies comparisons, or for

borrowing values from species with similar life history strategies. Solving for b intermsof a one
obtains

iloga /' S Ricker

(A3) b= i
1S /(1-a) Beverton and Holt

Substituting (A.3) into (A.1) gives

aSa ~S/So Ricker

as,

i
I
.I.
11+ (@ -1)S/'S,

Beverton and Holt

and, sincea=aRy/S,
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lRy—a 1'% Ricker
(A5 R= | 0 AS/S,
IR,

| Beverton and Holt
i "1+(@-1)S/S

Dividing through by R, and defining s = 9, gives equation (3).

Appendix 2: Formula for equilibrium spawning biomass

The spawning potentia ratio (p) is defined as the number of spawners produced by each
recruit at equilibrium with a given fishing mortality rate F divided by the number of spawners per
recruit under virgin conditions (F=0). This may be written

(A6) o=le 2SR SIS g
fo /R Re/R

where the tilde signifies equilibrium values. At equilibrium we also obtain from equation (4)

15315 Ricker
~ _ 1 -
A.7 r=
(A7) -:-L Beverton and Holt
1

Dividing both sides of (A.7) by 1, substituting (A.6) and solving for S gives equation (6).
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® observed
fitted

Figure 1. Prior for the maximum lifetime fecundity parameter («). derived from the valuesin
Myerset al. (1999) that correspond to species categorized as periodic strategists by Rose et al.
(2000). The lognormal density was fitted to the values of -1 in Myers et a. (1999) corresponding
to species classified as periodic strategists by Rose et a. (2000). The fitted distribution (with
median 9.8 and log-scale variance 1.31) was then shifted 1 unit to provide a prior for c.
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Figure 2. Gamma and logistic vulnerability curves derived by fitting to age-converted length
composition data obtained from the Everglades National Park. Top panels show the fit of the
expected frequencies at age to the observed values and the bottom panels show the predicted
relative vulnerability curves.
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Figure 3. Base model fit to the four indices of abundance.
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Figure 4. Base model predictions of relative spawning biomass and fishing mortality rate with
approximate 80% confidence limits.
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Figure 5. Probability stock will have recovered to spawning biomass levels corresponding to a
50% SPR by year for the base model
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Figure 6. Predictions of relative spawning biomass and fishing mortality rate resulting when base
model is applied without the ENP index on juveniles.
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Figure 7. Probability stock will have recovered to spawning biomass levels corresponding to a
50% SPR by year for the base model without the ENP index
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Figure 8. F-deviation modél fitsto the four indices of abundance.
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Figure 9. F-deviation model predictions of relative spawning biomass and fishing mortality rate
with approximate 80% confidence limits.
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Figure 10. Probability stock will have recovered to spawning biomass levels corresponding to a
50% SPR by year for the F-deviation model
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